The self-assembly of sexiphenyl-dicarbonitrile molecules on the Ag(111) surface is investigated using lowtemperature scanning tunneling microscopy (STM) in ultrahigh vacuum. Several nanoporous networks with varying symmetry and pore size coexist on the surface after submonolayer deposition at room temperature. The different rectangular, rhombic, and kagomé shaped phases are commensurate with the Ag(111) substrate and extend over micrometer-sized domains separated by step edges. All phases are chiral and have very similar formation energetics. We attribute this to common construction principles: the approximately flatlying polyphenyl backbones following high-symmetry directions of the substrate, the epitaxial fit and the nodal motif composed of CN end groups laterally attracted by phenyl hydrogens. Close to saturation coverage, a single dense-packed phase prevails with all molecules aligned parallel within one domain. Our results demonstrate that porous networks of different complexity can evolve by the self-assembly of only one molecular species on a metal surface.
Introduction
Supramolecular engineering of porous molecular networks at well-defined surfaces emerged as a major research theme over the last years. 1, 2 Because of their tunable cavity size, they represent versatile functional nanoarchitectures. 3 Thus, a series of bottom-up fabrication schemes 4 has been developed to realize two-dimensional (2D) layers presenting well-defined open spaces, using hydrogen bonding, [5] [6] [7] [8] [9] metal-directed assembly, [10] [11] [12] [13] [14] the organization of flexible species, [15] [16] [17] [18] or covalent chemical reactions. 19, 20 Nanoporous networks featuring 2D chirality represent a chemically and topologically interesting subclass in this area. [21] [22] [23] [24] [25] [26] In earlier work, we employed simple ditopic dicarbonitrilepolyphenyl molecular building blocks and studied their selfassembly on the Ag(111) surface. 27 Topologically different supramolecular structures formed depending on the backbone length. In particular, selecting species containing three, four, or five phenyl groups led to the formation of a close-packed chevron layer, a chiral open network with rhombic pores, or a nanoporous chiral kagomé network, respectively. All investigated networks of that study were reported to be commensurate with the underlying Ag(111) atomic lattice.
The employed carbonitrile functional group (CN) as well as its anorganic cyanide counterpart (CN-) are well-known for organometallic complexation. 28 The CN group is essential in conductive organic crystals 29 and thin films 30 and plays a major role for metal-organic magnets 31, 32 recently reaching Curie temperatures above room temperature. 33 In two dimensions, the bonding capabilities of two interacting CN groups have proven to steer the self-assembly of substituted porphyrins on Au(111). 34 Depending on the position of the CN substituents, the formation of triangular clusters, tetramers, and supramolecular wires could be triggered. In a different work, the carbonitrile group controlled structure formation by interaction with alkoxy groups. 35 Poly-para-phenyl backbones are furthermore interesting because solids or thin films made from this class of aromatic molecules provide a wide bandgap, 36 making them specifically interesting for the construction of light emitting devices. 37 Probably the most promising polyphenyl candidate is sexiphenyl, 36, 38, 39 which combines blue photoluminescence 36 with a high hole mobility. 38 On the basis of p-sexiphenyl, organic thin film transistors have been fabricated. 38 From an oriented p-sexiphenyl film, polarized electroluminiscence has been observed. 40 Covering p-sexiphenyl with appropriate dye layers and filters can convert its deep blue emitted light into green and red, making full-color applications possible. 41 In this work, we show that the related ditopic tecton, sexiphenyl-dicarbonitrile (Chart 1), self-assembles on Ag(111) into a multitude of highly regular, commensurate, and porous phases with varying symmetry. The achiral building block organizes into chiral networks appearing in both enantiomorphic forms. These various networks are restricted to submonolayer coverages. Approaching monolayer saturation, a single densepacked phase forms. The conjugated π-systems are uniformly oriented approximately parallel, face-on, with respect to the substrate. In comparison to the growth of pure sexiphenyl, the functionalization with dicarbonitrile end groups improves the selectivity of the adsorption sites as well as the molecular alignment along surface high symmetry directions.
Results and Discussion
Supramolecular Chiral Phases. Figure 1 shows an exemplary large scale scanning tunneling microscopy (STM) topography after the deposition of ∼0.4 monolayers (MLs) of sexiphenyl-dicarbonitrile molecules. One ML refers to one full dense-packed layer of molecules with their phenyl rings approximately parallel to the substrate. From the bottom right to the top left, there are eight terraces separated by descending monatomic steps. The sexiphenyl-dicarbonitrile molecules are imaged as rod-like protrusions with ∼27 Å length and an apparent height of 1-1.5 Å depending on bias and tip conditions. On more than 50 nm wide terraces and in the left part of Figure 1 , kagomé networks (brown) and networks with rectangular pores (orange) form. The right-hand terrace in the STM topography shows a second kagomé network (blue), which is rotated by 30°with respect to the one on the left-hand side. The coexistence of different regular networks is an indication for similar formation energies of these porous structures with different symmetry built by the same molecule. In between terraces covered with molecular networks, several other terraces can be found that remain undecorated (blue and green) apart from attachment to the lower side of the corresponding step edge. On narrow (<20 nm) terraces, irregular networks prevail presumably due to the influence of two step edge boundaries nearby.
In the deposition temperature range from 200 to 370 K, no preferred phase has been found. This shows all of the different phases have similar formation energies. After deposition at a substrate temperature of 110 K and cooling down for STM imaging, no regular network has been found (see data provided in the Supporting Information). Therefore, the networks are formed by two-dimensional self-assembly, requiring substantial molecular mobility, and the various ordered structures are driven by the formation of weak links between adjacent molecules.
Three different kinds of regular structures have been predominantly observed for submonolayer coverages: a rectangular (Figure 2a and b), a kagomé ( Figure 2c and d) , and a rhombic phase (Figure 2e and f). All three networks have nodal binding motifs where the ends of four molecules join together. Attraction results from H · · · N bonds in between the CN end groups of the molecules and the hydrogens of the aromatic rings of an adjacent molecule and from dipole-dipole interaction introduced by the CN groups. 27, 34, 42 Molecules in the rhombic phase oriented from the top left to the bottom right show a brighter contrast than molecules oriented from the top right to the bottom left (Figure 2e ), which can be attributed to different adsorption sites. Similarly, a highly regular pattern of different brightnesses is reported for the rhombic network of NC-Ph 4 -CN molecules. 27 Details on the bonding properties and differences between the distinct phases will be discussed in the section Substrate Epitaxy.
All nodal motifs, and thus the networks based on them, exhibit chirality, originating from the supramolecular organization of achiral molecules on an achiral surface. 43 In the structures shown in the left column of Figure 2 , the nodes are oriented counterclockwise, whereas, in the right column, they are oriented clockwise. Our data indicates the molecules have an equal probability to assemble into the one or other enantiomorphic arrangement for all three phases. The kagomé domain exhibits P 6 symmetry.
Rarely, a mixed rhombic phase ( Figure 2g ) appears consisting of similar 4-fold nodes as the kagomé network unifying both chiral motifs and therefore forming a racemic mixture: Along one horizontal line (dashed line), nodes are rotating clockwise, and in the adjacent horizontal row (dotted line), nodes are rotating counter-clockwise. This network features point chirality. The obvious 50:50 ratio of the two mirror forms clearly corroborates that both nodes are equivalent in energy.
In an earlier study 24 on the self-assembly of 4-[trans-2-(pyrid-4-yl-vinyl)]benzoic acid (PVBA) on Cu(100), regular networks have been found in which a 4-fold node appeared similar to the node in the rectangular network reported here. In the case of PVBA/Cu(100), the molecules and the nodes feature 2D chirality. Each enantiomer of the PVBA node is made purely from one of the PVBA enantiomers. In our case, all chiral properties originate from organization of one achiral molecular species only. Organizational chirality has also been observed for NC-Ph 4 -CN and NC-Ph 5 -CN on Ag(111). 27 For coverages close to ML saturation, a dense-packed phase (Figure 3 ) prevails. This phase can be assembled and keeps stable at room temperature. It does not exhibit a 4-fold node: Within one domain, all molecules align parallel and form molecular nanostripes. The stripe direction is at 84.3 ( 0.5°to the long axes of the molecules. Within a nanostripe, the periodicity is 7.4 Å. Two neighboring molecular nanostripes are displaced half the stripe periodicity laterally along the stripe direction and separated 27.2 Å parallel to the long molecular axes. This separation is smaller than the length of the molecule and smaller than the 29.5 Å found for p-sexiphenyl on Ag(111). 44 Therefore, we conclude that the carbonitrile groups of adjacent stripes interdigitate (see model in the section Substrate Epitaxy). When more molecules are added, they do not edge into the dense-packed molecular monolayer but form a second layer on top. The molecules have their phenyl rings parallel, face-on, to the substrate surface. This is different from the case of p-sexiphenyl added onto a face-on p-sexiphenyl ML where the extra molecules align edge-on with all of their phenyl rings oriented approximately perpendicular to the Ag(111) surface. 44 Substrate Epitaxy. In this section, the epitaxy of the different networks with respect to the substrate will be discussed. Molecules and the underlying atomic corrugation have been resolved simultaneously ( Figure 4a ). Such favorable imaging conditions occur rarely. Most likely, they are due to a tip to that some molecules have been transferred. 45 The data evidence that in the rectangular phase molecules are aligned in the crystallographic 〈1 j 10〉 and 〈1 j 1 j 2〉 directions. With a different tip state with good lateral resolution for intramolecular features, the molecules oriented in the two directions are imaged differently ( Figure 4b ). Whereas the molecules in the [1 j 10] direction appear with a zigzag contour, the ones in the [1 j 1 j 2] direction show a shape symmetric to their long molecular axis. A zigzag contour similar to the one we found here has been reported for sexiphenyl on Ag(111). 45, 46 There, the authors showed that the edge of a phenyl ring appears bright if the center of the corresponding off-axis C-C bond is located on top of a silver surface atom; if the center of a C-C bond is positioned over a bridge site, the corresponding phenyl ring edge appears darker ( Figure 4c ). The similar alignment of sexiphenyl and NC-Ph 6 -CN in 〈1 j 10〉 implies that the aromatic backbone plays an important role for the epitaxy. The appearance of the zigzag contour and the analysis of Figure 4a consistently indicate the epitaxial position of the molecules aligned in 〈1 j 10〉, as depicted in Figure 4c , thus providing a good starting point for the construction of a structure model.
Keeping in mind the epitaxial orientations of the rectangular phase, the orientations of the three other phases have been determined. The structure models for all four phases are collectively presented in Figure 5 . In each panel, the atoms (gray circles) and the ball-and-stick models of the molecules are superimposed on the experimental data, in which the molecules appear as white regions. The unit cells are indicated by the transparent blue regions. In three dimensions, para-polyphenyls typically rotate adjacent phenyl rings because of repulsion between hydrogen atoms of adjacent phenyl rings, but the long molecular axis stays straight. [47] [48] [49] The effect of such rotations on our epitaxy models is only minor. Thus, for simplicity, we depict planar molecules in our models. Their length is expected to be close to the one in the gas phase that is a 2.96 nm distance from nitrogen to nitrogen atom of their carbonitrile end groups. The observed structures do not show a Moiré pattern for all tunneling conditions we tested; therefore, commensurate models have been constructed. For comparison, the noncommensurate supercell of tetrapyridyl-porphyrin on Ag(111) resulted in an evident modulation of the apparent height of the molecules independent of bias voltage, 50 whereas the apparent height of our molecules is identical for adjacent unit cells.
In the rectangular network (Figure 5a The density of the kagomé network is one molecule per 71.17 unit cells of the Ag(111) surface. Adjacent molecules in this network include angles of 0, 60, or 120° (Figure 5b ). In the kagomé network, there are two different pore shapes and sizes. The bigger pore has a quasi-hexagonal shape, and the smaller one features a triangle. Each quasi-hexagon is surrounded by six triangles, and each triangle forms part of the sidewalls of three different quasi-hexagons. The unit cell of the kagomé network is given by Six molecules are in one unit cell of the kagomé network, and the projected H · · · N bond lengths vary from 2.3 to 3.2 Å. These lengths are longer than 1.5 Å reported for the kagomé lattice of NC-Ph 5 -CN molecules. 27 The NC-Ph 5 -CN kagomé accommodates two brighter and two times two darker nodes, each two diagonally arranged. This kind of contrast difference has not been recorded for the NC-Ph 6 -CN kagomé, indicating a single type of node. We believe the longer intermolecular distances within the NC-Ph 6 -CN kagomé allow the right and left ends of the molecules to be more planar than in the case of the NC-Ph 5 -CN kagomé. 
The structure model for the rhombic network is shown in Figure 5c . Distances are denoted between the long axes of the molecules. They give spacings within the nodes and the rhombi. In one row of rhombi in the c b rh direction, rhombi are bigger, and in an adjacent row, they are smaller. The unit cell of the rhombic phase can be expressed by and contains four molecules. In this model, every second molecule points from the top left to the bottom right. These molecules had to be shifted away from the position where their CN end groups sit above the hollow sites of the Ag(111) surface by the sixth part of an atomic row distance to obtain agreement with the measured data. The projected H · · · N bond lengths range between 1.6 and 3.1 Å. The short bond length has been determined assuming a planar orientation of the corresponding phenyl ring and must be excluded in view of the interaction potentials. Similar to the NC-Ph 5 -CN kagomé, 27 it is very likely that tilted phenyl ring conformations allow such a dense packing.
The dense-packed phase is shown in Figure 5d and defines a ML of sexiphenyl-dicarbonitrile molecules on Ag(111). There is one molecule in 2.09 nm 2 in this tight assembly of molecules. The unit cell can be expressed by and contains eight molecules. The H · · · N bond length is 1.9 Å for planar molecules in our model. The molecular distance of 7.54 Å in the c b dp direction is in good agreement with the experimental value of 7.4 Å observed in line profiles that have 
Self-Assembly of Nanoporous Chiral Networks J. Phys. Chem. C, Vol. 113, No. 41, 2009 17855 been taken through molecular stripes (cf. Figure 3) . A somewhat smaller axis to axis distance of 7 Å for neighboring molecules within a molecular stripe has been reported for a phase of p-sexiphenyl molecules with their phenyl rings lying parallel to the Ag(111) substrate. 44 In the model of the dense-packed phase (Figure 5d ), two kinds of molecule nanostripes alternate. They are separated by 9 5 / 8 atomic nearest neighbor distances in the [1 j 10] direction, in which the molecules are aligned with their long molecular axes and which is at 84.5°to the molecular stripes. In stripe S 1 (Figure  5d ), the long axis of the molecules is centered between two atomic rows. CN end groups are positioned above bridge or hollow sites, similar to end group positions in all three open porous networks. In stripe S 2 (Figure 5d ), the molecules adopt positions where they center phenyl rings over on top positions. This kind of position has already been found for sexiphenyl molecules on Au(111), where they show the tendency to adopt orientations centering as many phenyl rings as possible over substrate atom centers. 51 In both stripes of the dense-packed phase, molecular adsorption sites repeat every fourth NC-Ph 6 -CN molecule along the stripe direction. Thus, the unit cell contains four molecules in each kind of nanostripe. The slightly different positions of the four molecules do not lead to a difference in apparent height. Similarly, no long-range height modulation is reported for a monolayer of pure sexiphenyl on Ag(111). 44 For p-sexiphenyl deposited onto oxidized silicon substrates, molecular ordering has been reported to be improved at elevated temperatures compared to room temperature deposition, 38 similar to p-sexiphenyl on Ag(111) where annealing subsequent to deposition led to well-ordered p-sexiphenyl nanostripes. 44 For the dense-packed phase presented here, annealing after room temperature deposition is not required to achieve perfect molecular ordering.
As displayed in the high resolution data (Figure 6a ), two types of nodes are present in the rhombic network: open and compact ones with a measured distance ratio of d o /d c ) 2. To comply with this distance ratio, molecules are shifted away from the middle of two atomic rows in the model (Figure 6b ). This leads to noninteger lengths in multiples of atomic nearest neighbor distances (NN) for the boundaries of the rhombi (Figure 5c) . Accordingly, the model depicts two types of nodes: the compact with the distance d c of 5 / 3 atomic row distances and the open node with the distance d o being twice as much. The compact node of the rhombi is similar to the node of the kagomé network, which is compact, too. In both arrangements, parallel end groups of adjacent molecules are very close and therefore dipole-dipole interaction by the CN groups might be noticeable. 52 The distribution of open and compact nodes within two different domains of the rhombic phase has been analyzed and encoded in a schematic representation (Figure 7 ). In the vicinity of a step edge, the nodes are distributed regularly and straight rows of open and compact nodes next to each other starting at the step edge and continuing into the terrace alternate. Going further toward the interior of a terrace, the node distribution exhibits a uniform intermediate region (highlighted with a red boundary) that is equal for both domains in Figure 7 . Having passed that intermediate region, an area is found dominated by the compact nodes. A detailed understanding of the reasons responsible for the node distribution cannot be provided. This example shows how manifold structure formation can be even for the case of a single tecton on a regular surface.
Compared to the dense-packed phase, the open porous networks are roughly 2 times less dense ( Table 1 ). The kagomé has the smallest density, the rectangular network is more dense, and the rhombic phase has the highest density of all open porous networks. However, these densities differ from each other merely by ∼0.1 MLs. For pentacene on Au(111), many ordered 2D structures have been found coexisting on different areas of the surface corresponding to slightly different coverages. 53 If the free energy per unit area is a function of the molecule concentration, 54 the densities of the kagomé, rectangular, and rhombic network should represent local minima of this function. Because the concentrations of these three phases are so close, also the three local minima are, and consequently they are not separated by high energy barriers. Therefore, during selfassembly, slight local variations in molecule density could steer the assembly to the one or other minimum.
In the kagomé network, a guest, such as an additional sexiphenyl-dicarbonitrile molecule, can stay inside a quasihexagonal pore. No guests have been found in the rectangular or rhombic networks. Only the structure with the lowest density houses an additional molecule. If a sexiphenyl-dicarbonitrile molecule is added into each quasi-hexagon of the kagomé phase, the density of this new structure exceeds the one of the rectangular phase and is still smaller than the density of the rhombic phase: 0.473 times a ML. Thus, the mechanism that allows picking up guests can lead to an overall equilibration of network densities.
In the rhombic phase, molecules oriented in our models from the top left to the bottom right are moved out of the middle of two atomic rows by the third part of an atomic row distance and molecules pointing from the top right to the bottom left by the sixth part. Every second molecule in the dense-packed phase centers phenyl rings over substrate surface atoms. This effect of occupying new adsorption sites becomes more prominent the more molecules per unit area phases have. We suggest that the stronger molecule-molecule interaction within the dense-packed phase leads to molecular positions with respect to the substrate that have not been observed for open porous networks.
For the models, commensurability of the networks is assumed and the molecules lie along the 〈1 j 10〉 and 〈1 j 1 j 2〉 directions of the Ag(111) surface. Nodes are constructed point symmetric. It turns out that for the porous networks the position of the center of the CN group is always near the hollow or bridge sites of the Ag(111) surface. Theoretical calculations for benzonitrile molecules adsorbed on the Au(111) surface have been reported in ref 42 . This ab initio study has shown that monomer, dimer, and trimer structures preferentially arrange with the cyano groups near the hollow or bridge sites, which thus supports the epitaxy models given here. In addition, it was found that the cyano group is brought only slightly closer to the Au(111) surface. 42 Even though the authors find a large amount of charge on the cyano group, which is attracted strongly by its image charge that appears in the metal, the tilt of the CN group with respect to the phenyl ring is negligible and justifies the assumption in our ball-and-stick models that the long molecular axis (from N to N) remains straight for the adsorbed molecules. Figure 8 shows the rectangular phase running around a screw dislocation of the Ag(111) surface. The rectangular network covers large areas and is highly regular. Defects in the substrate disturb the network merely locally but do not affect its overall regularity. In a series of consecutive images, we found that the domain size is limited by the terrace size, only. There is no phase fragmentation and domain sizes reach the micrometer range. This means elastic energy needs not be reduced 54 and there might be little strain in the commensurate phases.
Influence of Defects.
As demonstrated in Figure 9 , step edges are always found to be decorated with molecules even if there are no regular networks on the terraces to both sides of the step. The decoration occurs preferentially at the lower side of the step edges. A first row of molecules is bound parallel to the step edges, leaving some free places for a second row of molecules to bind to the step edges as well as to some molecules of the first row. This kind of boundary condition is likely to influence the assembly in the proximity of the steps, resulting in irregular networks on terraces with a width smaller than 20 nm. Only if terraces are large enough, the influence of the steps can be overcome and regular networks form. Even in the near vicinity of a step edge, the preference of the molecule alignment for certain crystallographic directions and typical binding motifs is evident. The appearance of the 4-fold node motif (upper arrow), reminiscent of the porous networks, as well as the appearance of the parallel motif (lower arrow), reminiscent of the dense-packed phase, demonstrate that the regular networks are not only triggered by symmetry and commensurability with the substrate but also reside on the optimization of the bonding of the functional groups.
Conclusions
Submonolayer concentrations of sexiphenyl-dicarbonitrile molecules were self-assembled on Ag(111) and patterned the surface with three types of nanoporous networks with similar formation energy: a kagomé, rectangular, and rhombic network. All three networks are based on 4-fold nodal motifs and form large and regular domains. The motifs exhibit organizational 2D chirality; for each type, both enantiomers have been found. The commensurate networks could be modeled with the help of one construction principle: alignment of the long molecular axes along 〈1 j 10〉 and 〈1 j 1 j 2〉 combined with optimized H · · · N bonding in the 4-fold nodes. For coverages of sexiphenyldicarbonitrile close to ML saturation, networks transform into a dense-packed structure exhibiting a well-defined ordering of flat-lying molecules. The detailed insight into the registry of the porous organic adlayers with the underlying substrate provided by this work improves the understanding of the selfassembly of dicarbonitrile-polyphenyl networks. We have demonstrated that functional groups help to control the ordering of molecules with conjugated electron systems, which might increase the performance of future devices. 38 As has been shown recently, 55 nanoporous organic networks furthermore provide efficient means to tune electronic substrate properties.
Experimental Section
All experiments have been performed in an ultrahigh vacuum chamber housing standard sample preparation facilities at a background pressure of 3 × 10 -11 mbar offering clean and welldefined preparation conditions. We used a homemade beetletype scanning tunneling microscope (STM) operating at 8 K. 56 The Ag(111) substrate has been prepared by repeated cycles of Ar + sputtering and subsequent annealing at 480°C. The networks have been fabricated using organic molecular beam epitaxy of [1,4′;1′,1′′;4′′,1′′′;4′′′,1′′′′;4′′′′,1′′′′′]sexiphenyl-4,4′′′′′dicarbonitrile molecules (Chart 1) synthesized as described elsewhere. 14 For evaporation, a Knudsen cell containing the molecules in a quartz crucible was used. The crucible was held at a temperature of 570 K, leading to a deposition rate of one ML in 20 min where a ML is defined as a coverage such that the substrate surface is completely covered with a uniform, dense-packed layer with one molecule in 2.09 nm 2 (Table 1) . During deposition, the substrate temperature was constantly kept at 297 K. Subsequently, the sample was cooled down and transferred into the STM where data were recorded at 8 K. The STM tip employed was an electrochemically etched tungsten wire (diameter: 0.2 mm) cleaned inside the UHV chamber by Ar + self-sputtering. 57 
